is further highlighted by the high prevalence of rare histopathological subtypes, such as metaplastic (90%), medullary (95%), adenoid cystic (90-100%), and apocrine (40-60%) carcinomas. Some common markers have been identified, such as basal cytokeratin (CK) 5/6 and epidermal growth factor receptor (EGFR) [4] . On the other hand, the molecular differentiation shows also a wide range of heterogeneity. New studies have now refined the understanding of TNBCs.
Introduction
Triple-negative breast cancers (TNBCs) represent a heterogeneous breast cancer subtype with a poor prognosis. These cancers are defined by the absence of estrogen receptors (ER) and progesterone receptors (PR), and the absence of HER2 overexpression. The definition of negative ER status by immunohistochemistry (IHC) is not concordant in the literature, with some definitions considering ER expression to be significant only if at least 10% of tumor cells express the receptors. However, the St. Gallen guidelines [1] , the American Society of Clinical Oncology [2] , and the American College of Pathology [3] have defined TNBC as breast cancer with less than 1% of tumor cells expressing ER and PR via IHC. It is widely accepted that TNBC is a very inhomogeneous group. This diversity
BRCA1-Associated TNBC
Patients with a BRCA1 mutation develop tumors with many similarities to basal-like sporadic breast tumors, including greater likelihood of being high-grade, ER/PR-negative, HER2-negative, and of having a high frequency of TP53 mutations. Basal keratins are expressed by both sporadic basal-like tumors and tumors with BRCA1 mutations, and both groups cluster together in gene expression profiling [13] . BRCA1 breast cancers share features with a subset of sporadic tumor, indicating a similar etiology. Hallmarks of this 'BRCAness' include basal-like phenotype (associated with the BRCA1 phenotype but not with the BRCA2 phenotype), ER-negativity, EGFR expression, c-MYC amplification, TP53 mutations, loss of RAD51 focus formation, extreme genomic instability, and sensitivity to DNA-crosslinking agents [14] . Apart from germline or somatic BRCA1 mutations, BRCA1 hypermethylation and/or loss of heterozygosity may give rise to a BRCA1-like molecular profile in wild-type TNBC [15, 16] . DNA damage response is the cellular reaction to exogenous and endogenous genotoxic injuries that may produce DNA single-strand breaks and DNA double-strand breaks. If the repair process is not executed correctly, the DNA injuries result in mutations and chromosomal aberrations which alter the cellular behavior and lead to cancer and tumor progression independent of BRCA mutational status. Frequent loss of several other genes involved in BRCA1-dependent homologous recombination (HR) repair has been demonstrated in basal-like/triple-negative cancer, most likely contributing to BRCA1-like features [17] . Due to innovative treatment options, information about the BRCA1-like or 'BRCAness' status may have important clinical implications: A number of studies have shown that homologous recombination deficiency (HRD) sensitizes the tumor to DNA-damaging agents such as platinum compounds, or to poly(ADP-ribose)polymerase (PARP) inhibitors, or their combination [18] [19] [20] . Accordingly, biomarkers to identify and select patients with BRCA1-like ('BRCAness') signatures are urgently required. Identification of patients with tumors deficient in homologous repair or HRD-like behavior moves cancer treatment towards individualized therapies.
Tumor-Infiltrating Lymphocytes in TNBC
Approximately 20% of TNBCs classify as immunomodulatory and are highly enriched in immune cell makers and signaling. Tumors that have more than 50% lymphocytic infiltrate are considered lymphocyte-predominant breast cancer and have the best prognosis [21] . In TNBC, without treatment, the presence of tumor-infiltrating lymphocytes (TILs) is correlated with improved overall survival, increased metastasis-free survival, and decreased distant recurrence [22] . TILs can predict improved pathological complete response (pCR) to neoadjuvant chemotherapy [23] . Additionally, presence of TILs in residual TNBC after neoadjuvant chemotherapy is also prognostic for better metastases-free and overall survival [24] . TILs emerge as a robust prognostic biomarker of the host antitumor immune response in 'immunogenic' breast cancer subtypes, especially TNBC. In TNBC, the increase in immune infiltrate with high levels of TILs predicts not only response to chemotherapy but also, as a consequence, better survival [25] .
Molecular Subtyping of TNBC
The first attempt to molecularly distinguish TNBC subtypes was a direct comparison of 374 TNBC samples extracted from 14 datasets where investigators sought to determine the relationship between the PAM50 intrinsic and TNBC molecular subtypes. The majority of the TNBC samples were indeed classified as basal-like (80.6%) followed by HER2 (0.2%), normal-like (14.6%), luminal B (3.5%), and luminal A (1.1%) by PAM50 [26] .
Using gene expression analyses, distinct TNBC subtypes have been recently identified, each displaying a unique biology. In this pivotal study, Lehman et al. [27] analyzed gene expression profiles from 21 breast cancer data sets with a total of 3,247 breast cancers and identified 587 TNBC cases representing 18% of all breast cancers. The 6 TNBC subtypes in this study included 2 basal-like (BL1 and BL2), 1 immunomodulatory (IM), 1 mesenchymal (M), 1 mesenchymal stem-like (MSL), and 1 luminal androgen receptor (LAR) subtype, the last being characterized by androgen receptor (AR) signaling. Masuda et al. [28] confirmed the classification of Lehmann et al. [27] in an independent analysis, and they classified TNBC with high correlation into 7 subtypes (BL1, BL2, M, IM, MSN, LAR) including 1 unstable subtype (UNS).
From the progress in TNBC subtyping evolved an increasing need to identify clinically relevant subtypes. Using RNA and DNA profiling, Burstein et al. [29] was able to distinguish 4 stable molecularly defined TNBC subtypes: luminal-AR (LAR), mesenchymal (MES), basal-like immune-suppressed (BLIS), and basal-like immune-activated (BLIA). MES, BLIS, and BLIA are characterized by distinct clinical prognoses, with BLIS tumors having the worst and BLIA tumors having the best outcome. DNA analysis demonstrated subtype-specific gene amplifications, suggesting the possibility of using in situ hybridization techniques to identify these TNBC subsets. These results also demonstrated subtype-specific Fig. 1 . Microarray analysis and immunohistochemistry show 75% concordance for basal-like and triple-negative breast cancer (TNBC), respectively. Approximately 25% of TNBCs are not basal-like on gene expression array. Similarly, there are basal-like breast cancers that are not triple-negative, which also represent approximately 25% of cases. Therefore, in clinical trials looking at basal-like biology and using the triple-negative phenotype to identify patients, the potential exists for misclassification. molecular expression, thereby enabling TNBC subtype classification based on molecules that are being expressed as opposed to molecules that are not being expressed.
Due to the complexity of the varying histological landscape of tumor specimens, a very recent study by Lehman et al. [30] used histopathological quantification and laser-capture microdissection to determine that transcripts in the previously described IM and MSL subtypes were contributed from infiltrating lymphocytes and tumor-associated stromal cells, respectively. Therefore, the new classification takes into account the contribution of transcripts from normal stromal and immune cells in the tumor environment and has refined TNBC molecular subtypes from 6 (TNBCtype) into 4 (TNBCtype-4) tumor-specific subtypes (BL1, BL2, M, and LAR).
Very recently, an expression algorithm reduced to 101 genes was described with the power to subtype TNBC tumors similarly to the original 2,188-gene expression algorithm and predict patient outcomes [31] .
Distinct Subtypes According to Molecular Profiling

Basal-Like Subtypes (BL1 and BL2)
The BL1 subtype (table 1) is characterized by enrichment of cell cycle and cell division components and pathways. The proliferation pathways in the BL1 subtype are accompanied by elevated DNA damage response (ATR/BRCA) pathways. The proliferative nature of this subtype was further supported by the observation of high Ki67 mRNA expression and nuclear Ki67 staining by ICH (> 70%). The BL2 subtype (table 1) involves growth factor signaling pathways (EGF, NGF, MET, Wnt/β-catenin, and IGF1R) as well as glycolysis and gluconeogenesis. Likewise, the BL2 subtype is uniquely enriched in growth factor receptors such as EGFR, MET, and EPHA2 [27] .
Burstein et al. [29] subclassified the basal-like subtype also in 2 basal-like clusters. The BLIS subtype exhibits downregulation of B cell, T cell, and natural killer cell immune-regulating pathways and cytokine pathways. This subtype has the worst prognosis and low expression of molecules controlling antigen presentation, immune cell differentiation, and innate and adaptive immune cell communication. However, this cluster uniquely expresses multiple SOX family transcription factors. The second basal-like subtype in their analysis is similar to the immunomodulatory subtype (IM) described by Lehmann et al. [27] .
Nearly all of the cell lines with known mutations in BRCA1 and BRCA2 have gene expression patterns that correlate with the basallike subtype, which is in agreement with the current view that BRCA-mutant tumors display a basal-like phenotype [32] .
Immunomodulatory Subtype
The IM subtype (table 1) is enriched for factors involved in immune cell processes. These processes include immune cell signaling. Immune signaling genes within the IM subtype substantially overlap with a gene signature for medullary breast cancer, a rare, histologically distinct form of TNBC that despite its high-grade histology is associated with a favorable prognosis. In the classification by Burstein et al. [29] , the other basal-like subtype, BLIA, exhibits an upregulation of immune regulation pathways. Contrary to BLIS, tumors of this subtype display upregulation of genes controlling B cell, T cell, and natural killer cell functions. This subtype has the best prognosis, exhibits activation of STAT transcription factor-mediated pathways, and has high expression of STAT genes [29] .
Mesenchymal and Mesenchymal Stem-Like Subtypes
The M subtype (table 1) is heavily enriched in components and pathways involved in cell motility, extracellular receptor interaction, and cell differentiation pathways. The MSL subtype (table 1) shares enrichment of genes for similar biological processes with the M subtype, including cell motility, cellular differentiation, and growth pathways. However, unique to the MSL are genes representing components and processes linked to growth factor signaling pathways that include inositol phosphate metabolism, EGFR, PDGF, calcium signaling, G-protein coupled receptor, and ERK1/2 signaling as well as ABC transporter and adipocytokine signaling. Additionally, Burstein et al. [29] showed in their analysis that this subtype expresses genes normally exclusive to osteocytes (OGN) and adipocytes (ADIPOQ, PLIN1), and important growth factors (IGF-1) are also highly expressed in this type of TNBC.
Luminal Androgen Receptor Subtype
The LAR subtype ( other estrogen-regulated genes (PGR, FOXA, XBP1, GATA3) . Thus, these 'ER-negative' tumors demonstrate molecular evidence of ER activation. This may be because 1% of these tumor cells express low levels of ER protein, defining them as 'ER-negative' by IHC analysis [29] . AR mRNA is highly expressed, on average at 9-fold greater than all other subtypes. Tumors within the LAR group also expressed numerous downstream AR targets and coactivators. AR expression by IHC in the LAR subtype is more than 10-fold higher compared to other TNBC subtypes. All these observations suggest that the LAR TNBC subtype is composed of ARdriven tumors [27] .
Impact of Different Subtypes on Response to Chemotherapy and Prognosis
Various studies have analyzed the response to neoadjuvant chemotherapy according to molecular subtypes of TNBC. In a retrospective analysis, it was shown for the first time that the TNBC subtype can serve as an independent predictor of pCR status in patients who receive current standard chemotherapy regimens [28] . 130 TNBC cases treated with neoadjuvant anthracyclines and/or taxanes were retrospectively classified into subtypes as follows: BL1, 21 patients; BL2, 8 patients; M, 26 patients; IM, 27 patients; MSL, 13 patients; LAR, 20 patients; and UNS, 15 patients. There was no statistically significant difference in treatment regimens between subtypes. The overall pCR response was 28%, and interestingly, subtype-specific responses differed substantially. The BL1 subtype achieved the highest pCR rate (52%), and the BL2, LAR, and MSL subtypes were found to have the lowest response rates (0, 10, and 23%, respectively).
The most recent paper investigated the response rate according to TNBC subtypes classified by either PAM50 or TNBCtype-4 [30] . PAM50 subtyping of tumors in to basal and non-basal subtypes did not result in significant differences in pCR. TNBCtype-4 subtyping did not result in significant differences in pCR for TNBC patients treated with neoadjuvant chemotherapy; the pCR incidence for the subtypes displayed shows similar trends to previous studies, with BL1 displaying the greatest response and BL2 and LAR showing lower pCR. However, compared to all other subtypes, BL1 patients had significantly higher pCR (49 vs. 31%; p = 0.0441).
Distant relapse-free survival (DRFS) was evaluated in the same cohort to determine if chemotherapy responses to neoadjuvant AC-T (anthracycline-cyclophosphamide and taxane) resulted in differences in survival within PAM50 and TNBCtype-4 subtypes. Despite having better pCR to neoadjuvant chemotherapy (34 vs. 11%), TNBC patients had significantly worse DRFS compared to non-TNBC. However, TNBC patients that responded to chemotherapy and achieved a pCR clearly had a far better DRFS compared to those patients that did not, with 95% of patients surviving 7 years after treatment compared to a median survival of 2.7 years. While there were no differences in DRFS between basal and nonbasal PAM50 subtypes (p = 0.41), stratification by TNBCtype-4 trended towards significance (p = 0.09), with BL2 patients displaying the worst outcome with a median survival of 2.4 years compared to a median survival for unselected TNBC of greater than 7 years. In contrast, the BL1 subtype displayed the highest pCR (49%) and also the best long-term DRFS with 72% of patients relapse-free at 7-year follow-up.
Treatment Options in Different Subtypes
Basal-Like Subtype: Genomic Instability as Therapeutic Target
Among the breast tumors, the triple-negative type is characterized by some form of genomic instability easily identified by alterations in chromosome number and structure. Cells have evolved a complex DNA damage response (DDR) to maintain genomic integrity. The most deleterious lesion, double-strand breaks, are repaired by either HR (homologous recombination) or with nonhomologous end joining. A subset of familial and sporadic breast, ovarian, and pancreatic cancers are deficient in HR repair, resulting from mutations in the breast cancer susceptibility proteins BRCA1 and BRCA2 [14] . The observation that a majority of BRCA1 mutation carriers develop TNBC rather than other forms of breast cancer led investigators to evaluate neoadjuvant platinum compounds in unselected TNBC. In a trial of neoadjuvant platinum, gemcitabine, and iniparib, HR deficiency predicted residual cancer burden scores of 0 or I (RCB 0/I) and pCR. HR deficiency remained a significant predictor of RCB 0/I when adjusted for clinical variables [33] . In 2 other trials of neoadjuvant cisplatin therapy, HR deficiency predicted RCB 0/I and pCR. In a multivariable model of RCB 0/I, HR deficiency retained significance when clinical variables were included. When restricted to BRCA1/2 non-mutated tumors, response was higher in patients with high HRD scores: RCB 0/I p = 0.062, pCR p = 0.063 in the neoadjuvant platinum, gemcitabine, and iniparib trial; RCB 0/I p = 0.0039, pCR p = 0.018 in the neoadjuvant cisplatin trials. This study showed an overall pCR of 22% and associated both BRCA-mutated tumors and those with decreased BRCA1 expression with cisplatin sensitivity [33] . Further evidence of the activity of platinum agents in TNBC comes from the GeparSixto trial that compared neoadjuvant paclitaxel, anthracycline, and bevacizumab +/-carboplatin, and found that the addition of carboplatin improved pCR from 38 to 59% [34] .
PARP facilitates cell recovery from DNA damage. BRCA can also repair double-strand DNA breakage. PARP inhibitors may be particularly useful in BRCA-mutated or HR-deficient breast cancer. Various early-phase clinical trials have assessed the activity of PARP inhibitors in cohorts of patients with TNBC. Most responses have been seen in patients with BRCA germline mutations, with often significant and long-lasting clinical benefit. Several PARP inhibitors are currently being investigated in clinical trials. Olaparib, veliparib, and rucaparib are showing considerable potential. Olaparib is the most extensively studied in breast cancer to date. It is currently approved for recurrent BRCA-mutant ovarian cancer. A phase I study of olaparib for human subjects was initiated 2005. Since then, a number of phase II trials have been conducted. Tutt et al. [35] reported the results of a trial which enrolled 54 patients with germline BRCA mutations and metastatic breast cancer previously treated with a median of 3 prior chemotherapy lines. 2 dose cohorts were studied, and 29 of those enrolled had TNBC. The overall response rate (ORR) was 41% in the cohort assigned to 400 mg olaparib twice daily. However, responses were not limited to TNBC. Also patients with ER-positive and HER2-positive cancers benefited equally from the treatment. The authors concluded that responsiveness to PARP inhibition in breast cancer was not a feature of TNBC but of BRCA-mutated breast cancer.
A recently published trial with nearly 300 patients with a variety of BRCA-mutated cancers included 62 patients with breast cancer [36] . 12.9% of these BRCA-mutated breast cancer patients responded to the treatment with olaparib, and 47% showed disease stabilization. The relatively low response rate in this study compared to the data from Tutt et al. [35] might have been due to previous exposure to platinum compounds in 47.6% of the patients. Currently, a large number of clinical trials are investigating olaparib as monotherapy or in combination with chemotherapy or other targeted agents.
Veliparib has also been extensively investigated in breast cancer, although almost entirely in combination with chemotherapy. The agent was mostly used as chemosensitizer to induce synthetic lethality in the setting of BRCA mutation. The combination of veliparib with the alkylating agent temozolomide in a xenograft model utilizing a variety of tumors including breast cancer showed a significant anti-metastatic effect, even in tumors resistant to temozolomide alone [37] . In the clinical setting, the combination of veliparib and temozolomide was tested in 41 women with advanced TNBC in a single-arm phase II study. In the subgroup with BRCA mutations, the ORR and clinical benefit rate were 37.5 and 62.5%, respectively [38] . However, the most promising combination in TNBC is veliparib and carboplatinum. In the I-SPY 2 trial, the PARP inhibitor and the platinum compound had an 88% predicted probability of success in a phase III trial in terms of pCR when added to standard neoadjuvant therapy [39] .
Recent studies have shown that rucaparib effectively treats patients with platinum-sensitive, relapsed, high-grade ovarian cancer harboring a BRCA mutation. A phase II study published in 2016 showed also considerable activity in BRCA-mutated TNBC. 44% of the breast cancer patients harboring a BRCA mutation experienced a 12-week progression-free survival (PFS) period under rucaparib monotherapy [40] . In April 2015, rucaparib received a U.S. Food and Drug Administration (FDA) Breakthrough Therapy designation.
Targeting the LAR Subtype
The LAR subtype is characterized by a luminal gene expression profile and is enriched for expression of the AR an its gene targets. In addition to AR dependency, all LAR TNBC cell lines analyzed harbor an activating mutation in the kinase domain of PIK3CA (H1047R) and display greater sensitivity to PIK3CA inhibitors versus models of other subtypes [27] . In TNBC, the prevalence of AR positivity is approximately 10-20% [41] . The same observation was made for BRCA1-mutated TNBCs [42] . Antiandrogens have been studied for advanced AR-positive breast cancer. The antiandrogen enzalutamide has shown activity in a subset of women with advanced TNBC whose tumors express the AR. Gucalp et al. [43] reported from a phase II trial that the AR was expressed in 12% of TNBC. The 6-month clinical benefit rate was 19% for bicalutamide, and the median PFS appeared to be 12 weeks. Another phase II single-arm trial was presented in 2015 at the annual ASCO meeting [44] . In the largest trial so far with 118 women with AR-positive TNBC, more than 50% received enzalutamide as either first-or second-line therapy for metastatic disease. Patients were treated with 160 mg enzalutamide daily until disease progression. The trial met its primary endpoint of clinical benefit at 16 weeks of therapy. Of the 75 patients who could be evaluated, 35% achieved a clinical benefit. There were 2 complete responses and 7 partial responses. The clinical benefit rate at 24 weeks was 29%. Median PFS was 14.7 weeks. The 47% of study patients whose tumors stained positive for AR expression and who had an AR-related gene signature had better outcomes, including improved overall survival, compared with those whose tumors were AR-positive but did not have the gene signature. Patients who were positive for this gene signature had a median PFS of 16 weeks compared with 8 weeks in patients whose tumors lacked the gene signature. However, AR by IHC is not perfect for predicting who is going to respond. The authors also found that even those tumors with really low AR expression levels had excellent responses. The combination of AR expression with the gene signature will allow to enrich the population that appears to truly benefit from enzalutamide. The most common drug-related adverse events were fatigue (34%), nausea (25%), decreased appetite (13%), diarrhea (10%), and hot flushes (10%). The only high-grade adverse event that occurred in at least 5% of patients was fatigue (5%).
Immune Checkpoint Inhibitors for the IM Subtype
The description of an immunomodulatory subtype of TNBC characterized by elevated expression of genes involved in antigen processing and T cell functions suggests a likely option for immunotherapy against this disease. The key targets of cancer immunotherapy include immune checkpoint inhibitors or antagonists, such as immune checkpoint antagonists of the PD-1/PD-L1 axis and CTLA4. In breast cancer, the reported rates of PD-L1 in carcinoma cells vary between studies due to differences in sample size, sampling format (e.g., tissue microarray vs. whole section), and the method used to detect PD-L1 expression [45, 46] . PD-L1 protein expression has been observed in 15.8-30% in studies, and in situ mRNA hybridization was detected in PDL1 mRNA in 55-60% of tissue microarrays of primary breast cancers [47] . PD-L1 expression in tumor cells or its presence in the tumor microenvironment has been correlated with high levels of TILs, and it has been positively associated with triple-negative status in breast cancer [48] . Furthermore, high PD-L1 and TILs have also been correlated with pCR after neoadjuvant chemotherapy and with improved clinical outcomes in TNBC [48] . The potential value of PD-L1 could be its use as a target for PD-L1 axis-directed therapies, but PD-L1 exBiological Subtypes of Triple-Negative Breast Cancer Breast Care 2017;12:8-14 13 pression status in tumor tissues does not seem to be an appropriate predictive biomarker to select patients for treatment with either anti-PD-1 or anti-PD-L1 antibodies, because PD-L1 is a dynamic marker that changes over time [49] . As opposed to mutated genes in cancers that permanently mark a tumor, the immune response is dynamic and changes rapidly. Moreover, in a phase I trial, approximately 10% of patients were deemed to be PD-L1-negative but did have clinical responses to anti PD-L1 therapy [50] . Pembrolizumab, a monoclonal anti PD-1, was tested in a phase Ib clinical trial in metastatic PD-L1-positive TNBC. It showed a preliminary ORR of 18.5% in heavily pretreated TNBC [51] . The safety profile of the antibody was very acceptable.
Another anti-PD-L1 antibody, atezolizumab or MPDL3280A, has also shown promising activity in TNBC. In a phase I study with atezolizumab, 21 evaluable patients with metastatic PD-L1-positive TNBC (37 PD-L1-positive from 54 initially tested patients) achieved an ORR according to RECIST of 19% [50] . 3 patients with PD-L1-positive TNBC experienced pseudo-progression, continued treatment, and finally demonstrated responses.
Preliminary results of a combination of atezolizumab plus nabpaclitaxel chemotherapy in metastatic TNBC (mTNBC) have been reported [52] , and a phase III trial with this combination as firstline therapy in untreated mTNBC has been opened. Multiple additional immune checkpoint receptors and their ligands are prime targets for blockade, such as CTLA-4 (cytotoxic T lymphocyte antigen-4). The monoclonal antibody tremelimumab, which inhibits the CTLA-4 pathway, was evaluated in hormone-positive breast cancer and has shown certain activity [53] .
Conclusion
TNBC continuous to be a heterogeneous disease. The identification of several specific subtypes characterized by different biologic pathways and various sensitivities to chemotherapy is instrumental in delivering a more personalized therapy for TNBC.
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